The trisynaptic pathway from entorhinal cortex to the hippocampus has long been regarded as the major route of information transfer underlying memory consolidation. Most physiological studies of this pathway involve recording from hippocampal slices. We have used both single-and double-label 2-deoxyglucose autoradiographic methods to image the pattern of activation in the hippocampal formation of 14 rhesus monkeys performing cognitive tasks, varying in content (spatial or nonspatial), process (working memory or associative memory), and mode of response (oculomotor or manual). These studies revealed a highly differentiated pattern of metabolic activation throughout the rostrocaudal extent of the hippocampal formation that was common to all behavioral conditions examined. This pattern consisted of intense activation of the stratum lacunosummoleculare of CA1 and the subiculum, contrasting with barely detectable activity in CA3 and modest activation in the dentate gyrus, which did not include its molecular layer. These findings indicate a remarkable invariance in hippocampal activation under conditions of varied content, varied process, and varied mode of response and an heretofore-unappreciated preferential engagement of the direct rather than the trisynaptic pathway during performance of a wide range of behavioral tasks.
The hippocampal formation has been at the center of memory research since the early report of profound memory loss after extirpation of medial temporal structures in humans (Scoville and Miller, 1957) . However, the exact nature of medial temporal lobe involvement in memory is currently undergoing reevaluation with evidence both for (Mishkin, 1978; Mishkin, 1984, 1986; Zola-Morgan et al., 1989a; Murray et al., 1993; Alvarez et al., 1995) and against (Murray and Mishkin, 1998) a prominent influence of the hippocampus in recognition memory. In addition, a number of studies have demonstrated pronounced effects of perirhinal and parahippocampal cortex lesions on delay tasks in nonhuman primates (Zola-Morgan et al., 1989b,c; Gaffan and Murray, 1992; Meunier et al., 1993 Meunier et al., , 1996 Suzuki et al., 1993; Leonard et al., 1995; . Information that may help determine the function of the hippocampus concerns its interactions with cortical areas. The polysynaptic (trisynaptic) circuit from the entorhinal cortex through the dentate gyrus and CA3 to CA1 has long been assumed, often tacitly, to be the major route by which cortically processed information is channeled into the hippocampus (Lomo, 1966; Bliss and Lomo, 1973; Malenka and Nicoll, 1999) . On the other hand, recent electrophysiological and lesion experiments have called renewed attention to the importance of direct monosynaptic activation of CA1 by the entorhinal cortex (McNaughton et al., 1989; Yeckel and Berger, 1990; Jones, 1993; Buzsaki et al., 1995; Soltesz, 1995; Soltesz and Jones, 1995) .
As part of a wider examination of the functional anatomy of memory systems in the nonhuman primate, the present study examined the functional contributions of the direct and indirect pathways to the hippocampal formation in monkeys trained on a broad variety of tasks. Very few methods allow functional appraisal of entire structures and their major subdivisions as they are engaged in the behaving organism. We applied the 2-DG metabolicmapping method to obtain maps of brain activity in monkeys performing tasks with different mnemonic demands. The excellent spatial resolution of this method (Sokoloff et al., 1977; Friedman et al., 1989) and its preferential labeling of activated terminal fields (Sokoloff, 1993a,b) allowed us to differentiate the functional involvement of the two major inputs to the hippocampus.
Two types of tasks were used in our experiments: a manual object recognition memory task [delayed match-to-sample (DMS) task] and several oculomotor delayed-response (ODR) tasks. The DMS task is commonly used to assess the effects of hippocampal lesions in nonhuman primates, whereas ODR tasks are widely used to reveal the task-related responses of individual neurons engaged by working-memory demands (Funahashi et al., 1989; Chafee and Goldman-Rakic, 1998) . We reasoned that the ODR tasks, in which the stimuli, the mnemonic requirements, and the motor responses of the monkeys were precisely controlled, would optimize the search for neural specificity in the coding of qualitatively different memoranda by the hippocampus. Furthermore, a double-label 2-DG method was used in the majority of monkeys to detect patterns of activity associated with two different tasks performed by the same animal sequentially. This was done to eliminate individual differences as a cause of possible task differences, while also doubling the amount of information per animal (Friedman et al., 1987 (Friedman et al., , 1989 . Our hypothesis was that a structure engaged in encoding might exhibit differential activation dependent on the nature of the memoranda (spatial or nonspatial), the nature of processing (e.g., working vs associational memory; memory guided vs sensory guided), and/or the mode of response (manual vs oculomotor)-all of which were compared in the present study.
MATERIALS AND METHODS Subjects
Fourteen male rhesus monkeys, 3-5 years of age, were used in this study. The animals were housed in separate cages and fed a diet consisting of monkey chow supplemented with fruit. When being tested, monkeys were either restricted to 200 ml of water per day except on weekends (eight monkeys performing ODR tasks) or food deprived [six monkeys tested in the Wisconsin General Test Apparatus (WGTA)].
ODR tasks
ODR tasks were conducted as double-label experiments, and hence each of eight monkeys performed two ODR tasks in sequence. Each monkey was trained to sit quietly in a primate chair with its head fixed. The monkeys were trained to fixate a central diode and move their eyes to various peripheral locations, 13 or 15°to the left /right or above/ below the fixation point. Eye movements were recorded with a scleral eye coil (C NC Engineering, Seattle, WA). Altogether, hippocampal metabolism was examined under the different conditions illustrated in Figure 1 : delayed alternation for horizontal targets (n ϭ 4), delayed alternation for vertical targets (n ϭ 2), spatial delayed response (n ϭ 4), delayed visual discrimination (n ϭ 2), and a sensory-guided spatial saccade task (n ϭ 4). All animals were trained to a criterion of 85-90% correct trials on their respective tasks for at least 5 consecutive days before the 2-DG experiment was performed. A detailed description of these tasks is presented below.
Saccade task . The monkey was required to fixate the central diode for a variable 1-2 sec. At the end of this period, a diode was illuminated to the left or to the right of the horizontal meridian or above or below the vertical meridian, and the monkey simply had to direct its gaze to that stimulus.
ODR task . As the monkey fixated the central diode, one of the peripheral diodes was illuminated for 0.2 sec according to a quasi-random sequence. After a variable delay of 1.5-3.0 sec, the central diode was turned off, signaling the monkey to direct its gaze to the location of the previously displayed peripheral cue.
Oculomotor delayed-alternation task s. The oculomotor delayedalternation (ODA) tasks required the monkey to remember the direction of its last response to make a current response in the opposite direction, e.g., left, right, left, right, left, right. After a random period (1.5-3.0 sec) of fixation, the central diode was switched off, releasing the monkey to make an eye movement to one of the two peripheral targets. A diode was illuminated after a response to the correct location to inform the animal that its response was correct. On the following trial the required response was to direct the eyes to the target at the opposite location. Thus, in the ODA-horizontal task (ODA-h), monkeys alternated eye movements to the left or to the right of fixation, whereas in the ODA-vertical task (ODA-v), they alternately directed eye movements to positions above and below the central diode.
V isual discrimination task . In the visual discrimination task (OV D), two different-sized squares (1 and 4°) appeared simultaneously at the right and left 13°locations for 0.5 sec during fixation on the central diode. After a delay of 1.5 sec, the central diode was turned off, and the animal was required to move its eyes to the position in which the small square had been presented.
Manual tasks
Hippocampal metabolism was also examined during manual behavioral tasks conducted in a WGTA under two memory conditions: manual delayed spatial alternation (MDA) (n ϭ 3) and DMS (n ϭ 3). Performance in these tasks is assessed under more natural conditions in which the animal is seated in a primate chair with its head free and it responds by displacing plaques or objects manually. Three monkeys that were subjects in our previous reports (Friedman and Goldman-Rakic, 1988; Davachi et al., 1995) provided single-label data for the MDA task, and three additional monkeys were trained to perform a DMS task.
Manual MDA. On the first trial with the screen lowered between the animal's compartment and the test tray, both wells were baited and covered with identical cards. As in the ODR task, either response made on the first trial was rewarded. On the next and all subsequent trials, the monkey was rewarded for selecting the well not chosen on the previous trial.
Manual DMS. On each trial, a unique three-dimensional object was presented in the center of the test tray. The animal was required to touch and move the sample to retrieve a hidden reward. The screen was then lowered for a fixed delay (12 sec), after which the screen was raised and the sample and a new object were presented for choice. The animal was rewarded for selecting the object that had been used as a sample. 14 C]2-DG second. In three monkeys the order of isotope injection was reversed. The first injection of 2-DG, regardless of radiolabel, was followed by 30 -35 min of behavioral testing, and the second injection was followed by 10 -15 min of testing. These temporal parameters have been used previously to demonstrate ocular dominance columns in the visual cortex of rhesus monkeys (Friedman et al., 1989) .
2-DG protocol for double-label experiments

2-DG protocol for single-label experiments
The quantitative 2-DG method developed by Kennedy et al. (1978) was followed. All animals received arterial and venous catheters before the 2-DG experiment under gas anesthesia. After f ull recovery from this procedure (ϳ2 hr after the monkey regained consciousness), the testing session began. The animals were injected with [
14 C]2-DG (100 Ci/kg in 1 C i /10 l of sterile saline) followed by a saline flush. Timed arterial blood samples were taken over the 45 min experiment.
Perfusion, histology, and autoradiography
At the conclusion of the 45 min testing session, the monkeys were given an intravenous lethal dose of sodium pentobarbital and a warm (37°C) saline flush and immediately perf used intracardially with a cold (6°C) 3.3% paraformaldehyde solution in phosphate buffer, pH 7.4. The brain was removed usually within 15 min. Hemispheres were separated, and each was cut into several blocks. Each block was quickly frozen in methylbutane at Ϫ50°C and stored at Ϫ70°C. Brain tissue sections were cut 20 m thick at Ϫ20°C on a cryostat (Hacker, Fairfield, NJ). Sections for autoradiograms were collected in different intervals ranging from 60 to 400 m. The sections were mounted on cold coverslips and rapidly dried on a hot plate (50°C) and then taped to cardboard for exposure to film in x-ray cassettes. For the double-label experiments, brain sections together with plastic 14 C and 3 H standards (Amersham, Arlington Heights, IL) were first opposed to SB-5 (Eastman Kodak, Rochester, N Y) and subsequently to Hyperfilm (L K B-Wallac, Gaithersburg, MD) to generate two sets of film. In singlelabel experiments, sections were opposed only to x-ray film (SB-5 or Biomax; Eastman Kodak). To define anatomical structures, sections taken at 200 m intervals were mounted on slides and counterstained with cresyl violet.
Double-label autoradiograms
As described previously (Friedman et al., 1987) , brain sections were opposed to SB-5 films covered with thin (127 m) plastic sheets (Mylar) to generate films composed of radioactivity patterns associated only with the uptake of [ 14 C]2-DG. In addition, the same sections were subsequently opposed to Ultrafilm, which is not isotope specific, to reveal the composite pattern of 2-DG uptake for 14 C and 3 H. To obtain the pattern of 2-DG activity associated with 3 H only, we used the subtraction algorithm described by Friedman et al. (1987) . Briefly, x-ray/ Mylar and Ultrafilm autoradiograms of identical brain sections were digitized and aligned, and the raw values were translated to radioactivity values based on the 14 C standards. In the next step the contaminated 14 C values on Ultrafilm were subtracted using values from x-ray film. The resulting image represents the activity component attributable to 3 H.
Single-label autoradiograms
Autoradiograms obtained from brain sections were standardized and curve-fitted according to the Sokoloff model of 2-DG uptake (Kennedy et al., 1978) . Autoradiograms of brain sections were digitized using an imageprocessing system comprised of a PDP-11 computer and video camera described previously (Friedman et al., 1987 (Friedman et al., , 1989 ) and a microcomputer imaging-device (Imaging Research, St. C atharines, Ontario, C anada). The 14 C standards opposed to the film together with brain sections were digitized and used as the reference for calibrating radioactivity in the 
Analysis of 2-DG activity: flat maps
After identif ying anatomical borders of structures from cresyl violetstained sections, we transferred them to the autoradiographic images. Hippocampal layers were outlined by a series of points, which were connected using the B-spline algorithm of Newman and Sproull (1973) . In double-label experiments, identical splines were applied pixel by pixel to aligned 3 H and 14 C images. Measured activity within the width of the spline was averaged. The profile of the activity was presented in two forms, as a histogram for each pixel of the spline or as a flattened pseudocolor strip of activity. Stacking these pseudocolor strips rostrocaudally allowed us to produce two-dimensional maps of radioactivity in subicular subfields, CA1, CA3, and the dentate gyrus across most of the rostrocaudal extent of the hippocampus formation (Fig. 2) .
Analysis of the local maxima of 2-DG activation
Statistical criteria were used to identif y mean activation in the selected region of interest. The mean activity was determined for each individual section. All pixels, which were at least 1.5 SDs above the mean value, were highlighted. For visual optimization of the image, a size filter was applied to activations of a single pixel.
RESULTS
As will be described below, the major finding from this study is a remarkably consistent pattern of activation across all tasks, whether oculomotor or manual, whether spatial or nonspatial, whether memory guided or sensory guided. The dominant pattern of hippocampal activation is consistent with engagement of the direct pathway, with much less involvement of the trisynaptic pathway. The results for each task will be presented below.
Double-label experiments
ODA-h
Three monkeys performed ODA-h as the first task, and one animal performed it as the second task. The pattern of metabolic activation of the hippocampal formation in a monkey performing ODA-h is shown in Figure 3A . High metabolic activation was present in the subiculum, in CA1, and in the dentate gyrus, contrasting with very little activation in CA3. The highest activation was always present in CA1, and activation was more moderate in the subiculum and dentate gyrus. Within CA1, the entire stratum lacunosum-moleculare was activated uniformly, unlike the stratum radiatum-pyramidale where activation was strong only at their borders with the subiculum and CA3 and was low between these borders. In the subiculum, metabolic activation was present in all layers, although higher in deeper layers then in the molecular layer. In the dentate gyrus, activation was mainly confined to the granule cell layer. As illustrated in two-dimensional maps, this distinctive pattern was visible throughout the entire hippocampal formation, forming rostral-caudal stripes of activation in CA1 and the subiculum, interspersed with a darker stripe representing barely detectable activity in CA3 (Fig. 4) . The same pattern of activation was observed in all monkeys performing this task independent of task order.
ODA-v
One of two monkeys performed ODA-v first, and the other performed it second. The mnemonic requirements of the ODA-v task are identical to those in ODA-h except for the direction of response. Again, as in ODA-h, the most striking activation was observed in the subiculum and CA1 fields, in the latter throughout the entire stratum lacunosum-moleculare (Fig. 3B) . This activation extended into the stratum radiatum-pyramidale of the CA1 at the borders with adjacent subfields. As in ODA-h, activation in the subiculum was present in all layers. Activity in the dentate gyrus was confined to the granule cell layer and was conspicuously low or absent in the entire CA3 subfield. Two-dimensional reconstructions of the stratum radiatum-pyramidale and stratum lacunosum- Figure 2 . Schematic illustration of analysis of double-label autoradiograms. A, Anatomical borders of the hippocampus were identified from cresyl violet-stained sections. B, Hippocampal layers were outlined by a series of points, which were connected to produce a spline ( gray band). C, The spline contour was flattened. D, In double-label experiments, identical splines were applied to pixel-by-pixel-aligned 3 H and 14 C images. Activity measured within the width of the spline was averaged and presented as flattened strips of activity. Stacking these pseudocolor strips rostrocaudally allowed us to produce two-dimensional maps of radioactivity across the rostrocaudal extent of the hippocampus including the dentate gyrus, CA3, CA1, and subiculum subfields. E, Superimposing each activity map from the same brain allowed us to visualize different or overlapping metabolic activations in two different behavioral conditions. DG, Dentate gyrus; SUB, subiculum. moleculare of the hippocampal formation in the ODA-v condition revealed distinct stripes of high metabolic activation in the subiculum, in CA1, and in the dentate gyrus (Fig. 4) . The activation in the subiculum and stratum lacunosum-moleculare of CA1 was homogeneous. Dentate gurus activation was confined to the granule cell layer. Again, little or no metabolic activity was visible in CA3, as evidenced by a blue band.
ODR-h
Two monkeys performed this task, each with a different isotope order. An example of activation in the coronal section from one of these monkeys is presented in Figure 3C . Again the subiculum, CA1, and the dentate gyrus all displayed high activation relative to that in CA3. In this case the subicular complex was uniformly activated. As in the previously described cases, activation in CA1 was highest in the stratum lacunosum-moleculare and appeared bimodal in the stratum pyramidale radiatum-pyramidale, i.e., evident as peaks of activity at the border zones. Metabolic activation visualized throughout the rostrocaudal extent of the hippocampal formation formed three stripes of activity representing the subicular complex, CA1, and the dentate gyrus granule cell layer. The CA3 subfield was represented by a stripe of low activation, whereas Figure 3 . Examples of the local maxima of 2-DG activation in coronal sections through the hippocampal formation of eight monkeys illustrating the similarity of activation profiles (notably the high metabolic activity in the subiculum and CA1 molecular layer and the low activity in CA3) during the performance of the different oculomotor ( A-D) and manual ( E-H) tasks. Dashed white lines outline the sampled region from which average radioactivity was obtained. Green indicates pixels reaching an activation threshold set 1.5 SDs above the mean activity for the sampled area. For clarity, single pixels are removed. Solid white lines indicate borders between hippocampal subfields: between the subiculum (sub) and CA1 and between CA1 and CA3. A, ODA-h task. B, ODA-v task. C, ODR-h task. D, Sac-h task. E-G, Metabolic activation in three monkeys performing the MDA task. H, DMS task. Figure 4 . Two-dimensional (flattened) maps illustrating the stripe-like pattern of metabolic activity through the entire hippocampal formation, forming rostralcaudal stripes of high activation (red) interspersed with stripes representing barely detectable activity (blue). The rostral hippocampus is on the left; caudal is on the right of each map. Activity in the stratum lacunosum-moleculare (mol ) and in the pyramidal layer ( pyr) of the hippocampal formation are presented separately for monkeys performing the ODA-h, ODA-v, and Sac-h tasks, as indicated. The hippocampal subfields are labeled the subiculum (sub), CA1, CA3 and the dentate gyrus (DG). Histograms (top right) representing the average activity over several millimeters of the hippocampal formation are presented for the ODA-h task.
the most intense metabolic activation was present in the molecular layer of CA1 (data not shown).
Saccade task-horizontal targets
Two monkeys performed this task, both as a second task. Again, the pattern of metabolic activation consisted of high activity in the subiculum, CA1, and the dentate gyrus and barely detectable activation of CA3. Activation in CA1 was more diffuse than that in other tasks (Figs. 3D, 4) .
OVD-h
Two monkeys performed this task as their second test. This task requires the animal to remember the position of the small square. The metabolic activation in the hippocampal formation in these animals displays a pattern very similar to that described in all previous tasks-high metabolic activation in the subicular complex, the CA1, and the dentate gyrus and very low activity in CA3. The CA1 activation was present in all layers but was especially high and uniform in the stratum lacunosum-moleculare. The same pattern was observed throughout the reconstructed portion of the hippocampal formation (data not shown).
Single-label experiments
MDA manual task
The activity in the hippocampal formation of three monkeys that performed MDA displayed high metabolic activation in the subiculum, CA1, and the dentate gyrus (see Fig. 3E-G) . Again, as in the ODR monkeys, the stratum lacunosum-moleculare of CA1 was essentially uniformly activated, whereas the stratum radiatum and pyramidale showed peaks of activity at the CA1 borders with the subiculum and CA3. The subiculum showed activity in all layers. Activity in the dentate gyrus was confined to the granule cell layer. The flat maps of metabolic activation showed high metabolic activity through the stratum radiatum-pyramidale and stratum lacunosum-moleculare of CA1 along the rostrocaudal extent of the hippocampal formation in all three monkeys that performed this task (Fig. 5) .
DMS manual task
The three monkeys that performed this task exhibited high metabolic activity in the subiculum, CA1, and the dentate gyrus. Again, similar to the ODR monkeys, the stratum lacunosum-moleculare of CA1 was uniformly highly activated, whereas activation in the stratum radiatum-pyramidale of CA1 was moderate with peaks of high activity at the borders with the subiculum and CA3 (Fig. 3H ) . Metabolic activation in the subiculum was as in other behavioral conditions. The activity in the dentate gyrus was more prominent in these monkeys and was present not only in the granule cell layer but also to some extent in the molecular layer. CA3 however expresses very little activity in all layers (Fig. 5) .
DISCUSSION
The major finding of the present study is the common pattern of metabolic activation in the hippocampal formation during performance of a wide variety of behavioral tasks, including oculomotor and manual working-memory tasks. This pattern consisted of elevated activity in the granule cell layer of the dentate gyrus and in all layers of the CA1 and subiculum whereas activity in the molecular layer of the dentate gyrus and in CA3 was barely detectable. Although all layers of CA1 displayed high metabolic activation, the highest and most uniform activation was present as a wide band in the stratum lacunosum-moleculare and bimodal activation in the stratum radiatum and pyramidale with peaks of activity at the border zones. Two-dimensional reconstructions of the hippocampal formation revealed a uniform pattern of activation throughout a considerable rostrocaudal expanse of hippocampus. Flattened maps of the hippocampus revealed a striking stripe-like pattern of activation, which represented the summed activity in a minimum period of 10 min. To our knowledge this is the first in vivo visualization of hippocampal subfield activation over a relatively brief unit of time, commensurate with the time course of synaptic phenomena such as long-term potentiation (Malenka and Nicoll, 1999) .
Direct versus trisynaptic pathway
The trisynaptic pathway has long been assumed to be the critical circuit for encoding and consolidating information in long-term memory and the major throughput to other structures. The trisynaptic pathway originates from layer II of the entorhinal cortex and synapses on the outer two-thirds of granule cell dendrites in the dentate gyrus that, in turn, give rise to the mossy fiber projection to CA3 pyramidal cells and from them to pyramidal cells in CA1 via Schaffer collaterals (Lorente de No, 1934; Ramon y Cajal, 1968; Steward, 1976; Amaral and Witter, 1989; Lopes da Silva et al., 1990) . Because terminal projection zones of activated pathways are revealed by the 2-DG method (Sokoloff, 1993a,b) and on the basis of the anatomical considerations, tasks that engage the trisynaptic pathway should activate the molecular layer of the dentate gyrus and the pyramidal cell layers of CA3 and CA1. The present findings, however, suggest a selective involvement of the direct monosynaptic pathway from EC to CA1 during the performance of a multitude of tasks, most of which require updating of information Figure 5 . Two-dimensional maps illustrating the stripe-like pattern of metabolic activity through the rostrocaudal extent of the hippocampal formation in two monkeys performing manual tasks. Rostral to caudal runs from left to right in these maps. Top, Activation in the pyramidal layer ( pyr) during MDA (left) and DMS (right) performance. Bottom, Activity in the molecular layer (mol ) during MDA (left) and DMS (right) performance. Histograms for averaged activity are presented to the right of each map. DG, Dentate gyrus; sub, subiculum. on a trial-by-trial basis. The prominence of this pathway in our study is consistent with a long line of anatomical, physiological, and behavioral observations. As early as 1934 , Lorente de No (1934 described direct connections from the entorhinal cortex to the pyramidal cells of CA1, and this direct pathway was confirmed by subsequent tracing studies (Witter et al., 1988 Amaral and Witter, 1989) . Furthermore, electrical stimulation of entorhinal afferents produces short-latency potentials in CA1 pyramidal cells (Spencer and Kandel, 1962; Segal and Olds, 1972; Fox and Ranck, 1981; Doller and Weight, 1982; Yeckel and Berger, 1990; Soltesz and Deschenes, 1993) . Furthermore, monosynaptic responses evoked by low-frequency perforant pathway stimulation are relatively stronger than are disynaptic and trisynaptic responses elicited via the trisynaptic loop Berger, 1990, 1995) . Metabolic experiments in rodents have also suggested that monosynaptic connections to the hippocampus are functionally important (Jorgensen and Wright, 1988) . The functional significance of direct connections to CA1 is also suggested by the persistence of spatial selectivity in "place" cells of CA1 in a radial maze after massive destruction of granule cells in the dentate gyrus (McNaughton et al., 1989) . A possible caveat to this hypothesis is suggested by the observation that the molecular layer of the subiculum was not as strongly activated as its deeper layers yet is the layer that receives entorhinal input. On the other hand, this observation may indicate a preferential functional connection from the entorhinal cortex to CA1 with respect to the present behavioral conditions. That CA1 afferents terminate in deeper layers of the subiculum (Amaral et al., 1991; Witter, 1993) is additional support for this interpretation. Why the CA1 component of the direct pathway should be functionally prominent is unclear, and it will remain for future studies to examine the possible basis of differential involvement of each component (e.g., CA3, subiculum) in sensorimotor and cognitive performance.
Recently, several new human cases with lesions in the hippocampal formation arising from acute disease or cardiovascular events have been added to the literature Rempel-Clower et al., 1996; Reed and Squire, 1997, 1998; Kapur and Brooks, 1999) . Bilateral damage confined to the CA1 region of the hippocampal formation is sufficient to produce moderately severe anterograde memory impairment and extensive, temporally graded retrograde amnesia Kartsounis et al., 1995; Rempel-Clower et al., 1996) . These neuropsychological findings would be predicted if the direct pathway were an obligatory component of the normal functions of the hippocampus.
Diverse behavioral tasks: common activation
In the present study, metabolic activation was analyzed in animals performing both conventional delayed-response tasks in a WGTA and in ODR paradigms. In spite of the differences between tasks, no fundamental difference in the pattern of metabolic activation was observed. It should be emphasized, however, that a common pattern of activity in no way precludes the existence of quantitative differences between the various behavioral conditions. Indeed, our previous study revealed quantitative differences between workingmemory and associative-memory tasks (Friedman and GoldmanRakic, 1988 ). The present findings emphasize the fact that the CA1 subfield is highly responsive to performance on a wide variety of cognitive tasks and add the subiculum to the list of structures that may contribute to performance of such tasks.
The resolution of the 2-DG method used in the present study is one of the highest achievable with current imaging methods and should be sufficient to reveal task-dependent foci within the hippocampal subfields. In fact, we were able to differentiate activation between the stratum lacunosum-moleculare and stratum radiatumpyramidale of CA1. Furthermore, our double-label 2-DG method should be sensitive to task differences, if there were any, because each animal serves as it own control for all comparisons. Finally, by reconstructing activity throughout virtually the entire rostrocaudal extent of the hippocampal formation, we expected to detect regional variations, interdigitation, or focal activation across task conditions. No such task-related variations were detected.
As far as we are aware, the present study is the first to examine hippocampal activation in the ODR task. The ODR tasks were chosen in this study for two reasons: to control animal behavior and to test direction-specific coding of hippocampal neurons in spatial processing (O'Keefe, 1976 (O'Keefe, , 1993 Olton and Papas, 1979; McNaughton et al., 1983; Miyashita et al., 1989; Nishijo et al., 1997; Rolls et al., 1997 Rolls et al., , 1998 . Little evidence was found for topographic representation of information within the hippocampal formation. However, we have demonstrated that constrained oculomotor tasks engage the hippocampal formation in the same way as do manual tasks conducted in a WGTA. All approaches we used consistently expressed a pattern of metabolic activation implicating the direct monosynaptic pathway.
The failure to dissociate activity patterns for spatial and nonspatial tasks indicates that the direct pathway, at least, is not selective for one or the other processing domain. Our finding is consistent with data obtained by Cave and Squire (1991) , according to which performance of amnesic and control subjects was matched in spatial memory tests, indicating that the human hippocampus is not especially involved in spatial memory. They suggested instead that the hippocampus may be "necessary for rapid acquisition of relational, configural or declarative information."
Working memory and visual recognition memory
Many of the tasks used in the present study have been shown to rely on the integrity of the prefrontal cortex, yet, as shown here, they also activate the hippocampal formation. This result implicates the hippocampus in the operations of the wider working-memory system and indicates that the two structures-prefrontal cortex and hippocampus-may operate as part of the same network. Whether the preferential engagement of the direct pathway is reflective of prefrontal-hippocampal interactions remains to be determined. However, there is evidence of direct prefrontal projections within the entorhinal cortex (Goldman-Rakic et al., 1984) . Finally, it may be wondered whether the match-to-sample tasks, which have been the primary behavioral instruments used to assess hippocampal function in nonhuman primates, and working-memory tasks used to assess prefrontal functions may not be related at a more fundamental processing level. DMS tasks, like delayed-response tasks, require monkeys to remember an item of information (e.g., the sample object) over a period ranging from seconds to minutes to guide selection of a novel object at the end of the delay (Mishkin, 1982) . Because of the importance of delay in these tasks, it is not unreasonable to consider that the hippocampus may also be engaged in "on-line" tasks and that both structures interact when retrieval of immediate information is required just as it has been suggested that both are engaged in encoding processes (Tulving and Markowitsch, 1997; Tulving et al., 1999) . Indeed, local cerebral glucose utilization is significantly elevated in the CA1, dentate gyrus, and subicular subfields of the hippocampal formation in monkeys performing spatial and object working-memory tasks (Friedman and Goldman-Rakic, 1988; Davachi et al., 1995) . In addition, several studies, particularly in the rodent, have long implicated the hippocampus along with the prefrontal cortex in a role in spatial memory and spatially directed behavior (Parkinson et al., 1988; Angeli et al., 1993; Murray and Mishkin, 1998; O'Keefe, 1999; Rolls, 1999) . These functional relationships between the hippocampus and prefrontal cortex are fully supported by anatomical connections between both regions (Goldman-Rakic et al., 1984; Insausti et al., 1987; Selemon and Goldman-Rakic, 1988; Suzuki and Amaral, 1994; Barbas and Blatt, 1995) , which are undoubtedly the basis for their interactions. This begs the question of the unique role of each structure in on-line processing but has the appeal of integrating the medial temporal and prefrontal cortex in a common framework.
If prefrontal-hippocampal interactions are prominent during on-line retrieval operations mediated by the direct pathway, as the present findings suggest, a remaining question concerns the role of the trisynaptic pathway in memory functions. Buzsaki et al. (1995) have suggested that the trisynaptic pathway plays a role in error correction or novelty detection. Our results cannot speak to that issue except to support the idea of dissociable direct and indirect pathway processes.
